Abstract. The RhoA/ROCK signaling pathway plays a significant role in transforming growth factor (TGF)-β1-mediated epithelial-mesenchymal transition (EMT). It remains unclear, however, whether the RhoA/ROCK signaling pathway mediates TGF-β1-induced EMT by promoting the dissolution of tight junctions (TJs) in renal proximal tubular epithelial cells. In this study, we aimed to investigate the association between TGF-β1-mediated Rho/ROCK signaling and TJs in a cell line derived from human renal proximal tubular cells (HK-2 cells). HK-2 cells were treated with 5 ng/ml TGF-β1 for 0, 12, 24 and 48 h. Zona occludens protein 1 (also known as tight junction protein 1; ZO-1) and occludin mRNA and protein levels were determined by real-time PCR and western blot analysis, respectively. The HK-2 cells were then divided into three groups: a control group (serum-free culture medium for 24 h); a TGF-β1 group (treated with 5 ng/ml TGF-β1 for 24 h); and a TGF-β1 + Y-27632 (a specific ROCK inhibitor) group (pre-treated with 10 µM Y-27632 for 2 h and subsequently treated with 5 ng/ml TGF-β1 for 24 h). The levels of ZO-1 and occludin were detected by real-time PCR, western blot analysis and immunofluorescence. As shown by our results, the mRNA and protein levels of ZO-1 and occludin were decreased in the HK-2 cells following treatment with TGF-β1 in a time-dependent manner; in addition, ZO-1 and occludin levels in the TGF-β1 + Y-27632 group were significantly increased compared with those of the TGF-β1 group (P<0.05), with no significant changes compared with the control group. Our results indicate that the Rho/ROCK signaling pathway mediated by TGF-β1 plays a role in the dissolution of TJs during EMT.
Introduction
Tubular epithelial-mesenchymal transition (EMT) is the critical initiating agent in tubulointerstitial fibrosis (1) (2) (3) . The dissolution of tight junctions (TJs) is an early event in EMT (4, 5) , which is preceded by the downregulation of adhesion molecules, including claudins, occludin, zona occludens protein 1 (also known as tight junction protein 1; ZO-1) and desmoplakin. Transforming growth factor (TGF)-β1 plays a vital role in EMT regulation. The Smad, RhoA/ROCK and p38/MAPK signaling pathways play important roles in TGF-β-induced EMT in different epithelial cells (6) (7) (8) (9) (10) . Tian et al (11) provided evidence of the function of TGF-β1-induced RhoA activation in renal proximal tubular epithelial cells. Our previous study suggested that the RhoA/ROCK signaling pathway mediates TGF-β1-induced EMT in rat peritoneal mesothelial cells (RPMCs) (12) , and the changes characteristic of EMT were partially reversed by Y-27632, a ROCK inhibitor. In another previous study, we suggested that the Smad signaling pathway mediates TGF-β1-induced EMT in human peritoneal mesothelial cells (HPMCs) (13) . It remains unclear, however, whether the RhoA/ROCK signaling pathway mediates TGF-β1-induced EMT by promoting the dissolution of TJs in renal proximal tubular epithelial cells. In this study, we selected the HK-2 cell line to investigate this process, as these cells are commonly used as an in vitro model of normal human proximal tubular cells (14) . We aimed to determine the role of the RhoA/ROCK signaling pathway in regulating the TGF-β1-induced dissolution of TJs in HK-2 cells. In addition, we explored the potential of this process as a therapeutic target for the prevention of early-stage EMT.
Materials and methods
In vitro cell culture. The human renal proximal tubular epithelial cell line, HK-2, which was purchased from ATCC (Manassas, VA, USA) and maintained in a defined medium [1:1 mixture of DMEM and Ham's F-12 (Gibco/Invitrogen, Carlsbad, CA, USA) containing 10% fetal bovine serum (FBS), penicillin (100 U/ml), streptomycin (100 µg/ml), insulin (0.5 µg/ml), transferrin (5 µg/ml) and hydrocortisone (1 µg/ml)] at 37˚C in a 5% CO 2 environment. After the cells achieved 80% cell confluency, the medium was changed to FBS-free DMEM/F12. First, 5 ng/ml TGF-β1, which is a concentration commonly used in EMT in in vitro studies (15) (Pepro Tech Inc., Rocky Hill, NJ, USA), was added at different time points (0, 12, 24 and 48 h). Second, the HK-2 cells were divided into three groups: a control group (FBS-free DMEM/ F12 for 24 h); a TGF-β1 group (5 ng/ml TGF-β1 treatment for 24 h); and a TGF-β1 + Y-27632 group [pre-treated with 10 µM Y-27632 (Calbiochem, San Diego, CA, USA) and then treated with TGF-β1 for 24 h]. mRNA and protein expression were determined by real-time PCR and western blot analysis, respectively.
Gene expression. Total RNA from the HK-2 cells was isolated using TRIzol reagent. Real-time PCR was performed with an Applied Biosystems 7300 Real-Time PCR System (Applied Biosystems, Bedford, MA, USA) using a SYBR-Green PCR reagent kit (Invitrogen). The change in mRNA levels was determined using the 2 -ΔΔCT method, where ΔCT is the value from the threshold cycle (CT) of the treated sample subtracted from the CT value of the untreated or zero time point control sample. The relative amount of mRNA in the sample was normalized to β-actin mRNA. The PCR primers were as follows: occludin (106 bp) sense, 5'TCCAGAGTCTTCCTATAAATCCAC3' and antisense, 5'ACCACCGCTGCTGTAACG3'; ZO-1 (134 bp) sense, 5'TGGTGTCCTACCTAATTCAACTCA3' and antisense, 5'CGCCAGCTACAAATATTCCAACA3'; β-actin (231 bp) sense, 5' ACTCTTCCAGCCTTCCTTCC3' and antisense, 5'GAGGAGCAATGATCTTGATCTTC3'. The primers were synthesized by Invitrogen Shanghai (Shanghai, China).
Protein expression. Protein expression was evaluated by western blot analysis according to a previously described method (16) . Total protein from the HK-2 cells was isolated using RIPA lysis buffer (Beijing Dingguo Changsheng Biotechnology Co. Ltd., Beijing, China) containing a cocktail of protease inhibitors. Primary antibodies included anti-occludin (1:400) and anti-ZO-1 (1:500) (Santa Cruz Biotechnology, Inc. Santa Cruz, CA, USA). The absorbance signal was analyzed using Image Station 4000 MM (Kodak, Rochester, NY, USA).
Immunofluorescence. Immunohistochemical staining was performed on the HK-2 cells using anti-ZO-1 and antioccludin antibodies (Santa Cruz Biotechnology, Inc.). HK-2 cells were grown on poly-L-lysine-coated glass coverslips (BD Biosciences, San Jose, CA, USA) to 40-50% confluence, serum-deprived overnight (DMEM + 1% FBS), and then treated with TGF-β1 in the presence or absence of a 2-h pretreatment with Y-27632. Following fixation with acetone, the cells were permeabilized in 1% Triton X-100 (Sigma-Aldrich, St. Louis, MO, USA) and blocked with 5% BSA. The cells were incubated with primary antibodies (to ZO-1 and occludin) overnight at 4˚C. The slides were then washed and incubated with the appropriate FITC-conjugated secondary antibody. The cells were then incubated with Hoechst 33342 (Invitrogen) for nuclear staining and mounted with propyl gallate under glass coverslips. Finally, the cells were visualized by immunofluorescence with a laser scanning Nikon microscope at x20 magnification. Each experiment was repeated three times.
Statistical analysis. The Data presented in this study are expressed as the means ± SE. One-way ANOVA was used to assess the measurement data and the least significant difference t-test was used to assess statistical differences between pairs of groups. A P-value <0.05 was considered to indicate a statistically significant difference.
Results

TGF-β1 downregulates occludin and ZO-1 expression in HK-2 cells.
The HK-2 cells were exposed to TGF-β1 as indicated above, and the mRNA and protein levels of occludin were assessed by real-time PCR and western blot analysis, respectively. Treatment with TGF-β1 decreased occludin mRNA (Fig. 1A) and protein (Fig. 1B ) levels as compared with those of the control group in a time-dependent manner. The mRNA and protein levels were significantly decreased after 24 (P<0.05) and 48 h of treatment (P<0.05), suggesting that TGF-β1 induced the dissolution of TJs in the HK-2 cells.
The HK-2 cells were exposed to TGF-β1 as indicated above, and the mRNA and protein levels of ZO-1 were assessed by real-time PCR and western blot analysis, respectively. Treatment with TGF-β1 decreased the mRNA ( Fig. 2A) and protein (Fig. 2B ) levels of ZO-1 as compared with those of the control group in a time-dependent manner. The mRNA and protein levels were significantly decreased after 24 (P<0.05) and 48 h of treatment (P<0.05), providing further evidence that TGF-β1 induced the dissolution of TJs in HK-2 cells.
Y-27632 attenuates the downregulation of occludin and ZO-1 induced by TGF-β1 in HK-2 cells.
The HK-2 cells were pretreated with 10 µM Y-27632 for 2 h and then treated with 5 ng/ml TGF-β1 for 48 h. The expression of occludin was assessed by real-time PCR, immunofluorescence and western blot analysis (Fig. 3) . Treatment with TGF-β1 decreased the expression of occludin ( Fig. 3B ; D and E column 2) compared with that of the control group ( Fig. 3A; D and E column 1) (P<0.05). This decrease in occudin expression was attenuated in the cells treated with TGF-β1 + Y-27632 ( Fig. 3C ; D and E column 3), and was not significantly different from that in the control group (P>0.05). Thus, the TGF-β1-induced downregulation in occludin expression in the HK-2 cells was attenuated by the ROCK inhibitor, Y-27632.
The HK-2 cells were pre-treated with 10 µM Y-27632 for 2 h and then treated with 5 ng/ml TGF-β1 for 48 h. The expression of ZO-1 was assessed by real-time PCR, immunofluorescence and western blot analysis (Fig. 4) . Treatment with TGF-β1 decreased the expression of ZO-1 ( Fig. 4B ; D and E column 2) compared with that of the control group ( Fig. 4A ; D and E column 1) (P<0.05). This decrease in ZO-1 expression was attenuated in the cells treated with TGF-β1 + Y-27632 ( Fig. 4C ; D and E column 3), and was not significantly different from that in the control group (P>0.05). These results suggested that the TGF-β1-induced downregulation in ZO-1 expresision in the HK-2 cells was attenuated by the ROCK inhibitor, Y-27632.
Discussion
Tubular interstitial fibrosis is an important component of chronic kidney disease (CKD). The key event of tissue fibrosis involves EMT induced by TGF-β1, which involves the differentiation of epithelial cells into fibroblasts. TJs are the most apical component of the intercellular junctional complex and play a vital role in maintaining epithelial polarity (17) . Occludin and ZO-1 are key components of TJs. The dissociation of TJs is an early, significant event in EMT (18) . According our results, the decreased expression of ZO-1 and occludin was observed in the HK-2 cells treated with TGF-β1 as early as 12 h, and this decrease continued at 24 and 48 h after treatment in a timedependent manner, suggesting that the dissolution of TJs is a critical event during EMT.
Previous studies have suggested that the RhoA/ROCK signaling pathway is involved in actin reorganization and cell migration. It has been confirmed that RhoA is activated by TGF-β1 and is part of an important signaling pathway in TGF-β1-induced EMT (11, 12) . ROCK is a characteristic, downstream protein in the Rho signaling pathway and an important kinase involved in the regulation of cell movement and cytoskeletal organization (19) (20) (21) . Y-27632, a 4-aminopyridine-type chemical used in studies on cell biology and pharmacology, is generally accepted to be a specific ROCK inhibitor.
Previous studies on the Rho/ROCK pathway have mainly focused on the regulation of the cytoskeleton and the mechanisms by which the Rho/ROCK pathway mediates EMT (22) (23) (24) (25) . Our previous study revealed that TGF-β1 induced the downregulation of vimentin (a cytoskeletal protein) and the upregulation of α-SMA via the RhoA/ROCK signaling pathway in RPMCs (12) . Other stueis, however, have shown that the Rho/ROCK signaling pathway may also mediate the downregulation of claudin-4, which is a component of TJs in corneal, gastric epithelial and Madin-Darby canine kidney epithelial cells (26) (27) (28) , indicating that the Rho/ROCK signaling pathway may play a role in the dissolution of TJs. Nevertheless, it is unclear whether the RhoA/ROCK signaling pathway mediates TGF-β1-induced EMT by targeting TJs and inducing their dissolution in HK-2 cells.
In this study, the ROCK inhibitor, Y-27632, attenuated the downregulation in ZO-1 and occludin expression at the gene and protein level, which was induced by TGF-β1 by blocking the Rho/ROCK signaling pathway. These results reveal that the Rho/ROCK signaling pathway plays a key role in the dissolution of TJs, an early and reversible event in EMT. However, it was observed that following treatment with TGF-β1 and Y-27632, the ZO-1 mRNA levels were only half of the control levels, which suggests that RhoA/ROCK is not the only regulator of ZO-1 expression.
In conclusion, in this study, we determined that the dissolution of TJs occurs in HK-2 cells exposed to TGF-β1, possiby involving the activation of the Rho/ROCK signaling pathway. Understanding the involvement of the Rho/ROCK signaling pathway in EMT is critical, particularly during the early stages of this process. Since EMT plays a critical role in renal disease, the results from this study may aid in the development of more effective diagnostic markers and therapeutic strategies for patients with CKD.
